Plain Language Summary {#S0001}
======================

After cataract surgery, patients typically have an intraocular lens (IOL) implanted, usually chosen to provide clear vision at distance. Some IOLs can also provide better vision for intermediate (computer) and near (reading) work. IOLs called toric IOLs can also correct astigmatism. The IOLs studied here were designed to provide vision at distance, intermediate and near AND to correct astigmatism. One of them was an Extended Depth of Focus IOL. It sacrifices a super-sharp image at one point to provide a slightly less sharp image across a range of distances. There is a limit to how much the depth of focus can be extended, so these lenses can have good intermediate but slightly worse vision at near. Their reported advantage is that they split light to stretch one focal point, rather than creating distinct focal points. A trifocal IOL splits the incoming light to produce 3 distinct focal points. Visual acuity at those points is expected to be good, but there is a slightly higher potential for glare and halos.

We tested two sets of subjects, one set with the EDOF toric and the other with the trifocal toric. Vision was checked at distance, intermediate and near. The ability to see low contrast letters (gray on white, instead of black on white) was also tested, along with contrast sensitivity (a measure of visual quality). The two groups were very similar, with the same level of visual disturbances. However, the trifocal toric IOL provided significantly better near vision.

Introduction {#S0002}
============

The most common intraocular lenses (IOLs) implanted during cataract surgery are monofocal IOLs. This type of lens provides good vision at distance, but patients will remain dependent on spectacles to see clearly at other focal points, such as at near when reading and at intermediate when using a computer. Bifocal IOLs attempt to alleviate spectacle dependence by providing good visual performance at distance and near, but intermediate vision can still be compromised.[@CIT0001] Suitable alternatives for presbyopic correction are trifocal and extended depth of focus (EDOF) IOLs, which aim to provide effective visual performance across all ranges---near, intermediate, and far.

The AcrySof^®^ PanOptix^®^ IOL (Alcon Laboratories, Inc., Fort Worth, TX, USA) is a commonly used trifocal IOL and is the only trifocal IOL currently approved by the US FDA. It is actually a quadrafocal, but functionally uses 3 points of focus for clear vision at all ranges---near (40cm), intermediate (60cm), and distance.[@CIT0002] It is designed as a diffractive aspheric optical and adds −0.10μm of spherical aberration to compensate for the net positive spherical aberration from the cornea.[@CIT0003] There is evidence to show that this IOL provides good vision across a range of distances. A recent study by Alfonso et al[@CIT0004] found that 100% of patients had uncorrected visual acuities of 20/40 or better at 30cm, 40cm, 50cm, 60cm, 70cm, and distance 6 months postoperatively. Other studies have also shown that postoperative visual acuities at near, intermediate, and far with the PanOptix Trifocal IOL are good.[@CIT0005]--[@CIT0009] Despite the good visual acuity in these trifocal IOLs, visual disturbances can occur due to the light being split to create distinct focal points. Disturbances such as glare and halos are possible, and reduced contrast sensitivity has been reported relative to monofocal IOLs.[@CIT0010],[@CIT0011]

The Tecnis Symfony^®^ (J&J Vision, Inc., Santa Ana, CA, USA) is a widely used EDOF IOL. Rather than creating distinct focal points, the IOL uses diffractive echelettes to elongate the depth of focus to increase a patient's range of vision. These diffractive echelettes also decrease chromatic aberration, which is expected to potentially improve contrast sensitivity.[@CIT0012] The IOL also adds −0.27μm of spherical aberration to counterbalance net positive spherical aberration from the cornea.[@CIT0013] Kohnen et al[@CIT0014] recently reported that average patient uncorrected visual acuity was 0.22 logMAR or better at 40cm, 60cm, 80cm, and distance. Good performance with the Tecnis Symfony IOL has also been reported in other studies.[@CIT0015]--[@CIT0023] A potential benefit of EDOF IOLs compared to bifocal and trifocal IOLs is that visual disturbances may be reduced. This is because EDOF IOLs split light in a more continuous fashion, stretching a specific focal point rather producing several distinct focal points. There are limits to this ability to extend the depth of focus, so these lenses are often reported to have worse near vision relative to bifocals or trifocals. While visual disturbances are expected to be less with an EDOF IOL relative to a multifocal IOL, starbursts and halos have been reported.[@CIT0024]--[@CIT0026]

Although trifocal and EDOF IOLs provide good visual outcomes, their performance can be significantly reduced by residual astigmatism. Corneal astigmatism of 1D or more occurs in approximately 40% of cataract patients,[@CIT0027] which if left uncorrected decreases patient satisfaction postoperatively.[@CIT0028] Residual astigmatism can be corrected with corneal refractive surgery, arcuate partial-depth incisions or toric IOLs.[@CIT0029]--[@CIT0032] Toric IOLs have been shown to have greater predictability and are often the preferred option over corneal arcuate incisions, particularly at higher levels of corneal astigmatism.[@CIT0033],[@CIT0034]

Recent studies have directly compared the AcrySof PanOptix and the Tecnis Symfony IOLs.[@CIT0003],[@CIT0013],[@CIT0035]-[@CIT0038] However, there are no published studies directly comparing only trifocal toric and EDOF toric IOLs. The purpose of this study was to compare visual acuity, low contrast acuity and contrast sensitivity after bilateral implantation of either the trifocal toric or the EDOF toric IOL.

Patients and Methods {#S0003}
====================

This study was a non-interventional two-arm comparative study of visual outcomes after successful bilateral cataract surgery or refractive lens exchange surgery with IOL implantation. Regional ethics committee approval was applied for and obtained before patients were enrolled (REK, Norway). Patients signed an appropriate informed consent document. As the study was non-interventional there was no requirement to register it as a clinical trial. The study was conducted in accordance with the tenets of the Declaration of Helsinki. A statistical power analysis related to the ability to detect a half-line difference in near VA, with a power of 0.8 and an alpha of 0.05, indicated that 24 subjects in each group would be sufficient. Patients who had uncomplicated bilateral cataract surgery between 6 months and 5 years before their examination visit were eligible for inclusion; subjects were assessed during a single diagnostic visit. There was no masking and no control group.

Eligible test subjects had previous uncomplicated bilateral implantation of toric trifocal or toric EDOF IOLs, based on the patient's interest in a higher degree of spectacle freedom at far, intermediate and near distances after IOL implantation. They had to have uncorrected binocular and monocular distance visual acuity of 20/40 (0.3 logMAR) or better measured at the time of their study visit and have good ocular health, with no pathology that compromises visual acuity (outside of residual refractive error). Subjects with prior corneal refractive or other surgery were excluded. Cataract surgery for all subjects had been performed by one surgeon (KGG). The Verion™ Image Guided System (Alcon, Fort Worth TX, USA) was used for toric IOL alignment.

Clinical evaluations included the manifest refraction, visual acuity (VA) at distance, intermediate (60 cm) and near (40 cm), low contrast (10%) VA and contrast sensitivity. All vision testing was performed using the M&S Technologies Clinical Trial Suite (Niles, IL, USA). One optometrist completed all subject examinations. The primary measure of interest was the binocular uncorrected near VA. Clinical data were exported to Excel files and imported into Microsoft Access for preliminary analysis (both Microsoft Corp., Redmond, WA, USA). Comparative analyses were performed using the STATISTICA data analysis software system, version 12 (TIBCO Software Inc., Palo Alto, CA, USA); analysis of variance (ANOVA) was used to compare continuous variables and the Chi-squared test was used to compare non-parametric variables, with statistical significance based on p = 0.05.

Results {#S0004}
=======

A total of 50 bilaterally implanted patients (25 trifocal, 25 EDOF) who met the inclusion criteria were identified and examined. [Table 1](#T0001){ref-type="table"} shows the demographic data by subject for the two groups, along with the relevant preoperative biometry by the group. Subjects were reasonably well matched for age, sex and surgery type (cataract surgery or refractive lens exchange). IOL sphere power was significantly higher in the trifocal group but the difference was considered unlikely to affect overall results. Most importantly, there were no statistically significant differences in the average keratometry or the keratometric cylinder between groups.Table 1Subject Demographics and Preoperative BiometryEDOFTrifocalpn (subjects/eyes)25/5025/50Female/male16/916/9Cataract surgery/RLE15/109/160.08Age (years)61.5 ± 7.4 (48 to 75)59.0 ± 8.3 (50 to 81)0.26IOL sphere power (D)19.41 ± 5.25 (8.0 to 30.5)22.16 ± 4.35 (12.0 to 29.0)0.01Average keratometry (D)43.48 ± 1.46 (39.90 to 46.17)43.30 ± 1.92 (38.88 to 47.28)0.60Keratometric cylinder (D)1.65 ± 0.53 (0.72 to 3.08)1.71 ± 1.02 (0.16 to 4.83)0.74[^1]

The postoperative refractive data by the group are summarized in [Table 2](#T0002){ref-type="table"}. As can be seen, the refractive sphere and spherical equivalent refraction are slightly more hyperopic in the trifocal group, but the mean differences are less than 0.25D in both cases. The number of eyes with a spherical equivalent refraction within 0.50 D of plano was not significantly different between groups, nor was the number of eyes with 0.50 D or less of refractive cylinder. Ninety percent of eyes in both groups had a residual refractive cylinder ≤ 0.50D.Table 2Postoperative Refractive Data by GroupEDOFTrifocalpn5050Manifest sphere (D)0.06 ± 0.31 (−1.00 to 0.75)0.29 ± 0.35 (−0.75 to 1.25)\< 0.01Manifest cylinder (D)0.27 ± 0.31 (0.00 to 1.25)0.29 ± 0.27 (0.00 to 1.25)0.73MRSE (D)−0.08 ± 0.31 (−1.13 to 0.50)0.15 ± 0.37 (−0.88 to 1.00)\< 0.01Eyes with absolute MRSE ≤ 0.50D47 (94%)43 (86%)0.18Eyes with ≤ 0.50D of cylinder45 (90%)46 (92%)0.75[^2]

[Figure 1](#F0001){ref-type="fig"} shows the uncorrected and best distance-corrected binocular VA for the two IOLs at distance, intermediate and near. There were no statistically significant differences between the two groups for distance and intermediate vision, but the trifocal IOL provided significantly better near vision in both the uncorrected (p = 0.009) and best distance-corrected (p = 0.014) states. [Table 3](#T0003){ref-type="table"} provides a summary of the number of eyes with a given VA at a given distance (or at multiple distances).Table 3Subjects with a Given Binocular VA at the Reported Distance(s) and CorrectionCriterionDistanceCorrectionEDOF (n = 25)Trifocal (n = 25)p0.1 logMAR (20/25)40 cmUncorrected13 (52%)22 (88%)0.006Best distance-corrected15 (60%)22 (88%)0.02All distancesUncorrected13 (52%)22 (88%)0.006Best distance-corrected15 (60%)22 (88%)0.020.0 logMAR (20/20)40 cmUncorrected3 (12%)9 (28%)0.047Best distance-corrected4 (16%)12 (48%)0.015All distancesUncorrected3 (12%)5 (20%)0.44Best distance-corrected4 (16%)11 (44%)0.03[^3] Figure 1Binocular visual acuity by IOL group and viewing distance.**Abbreviations:** EDOF, extended depth of focus; logMAR, log of the minimum angle of resolution; m, meters; cm, centimeters; IOL, intraocular lens.

[Figure 2](#F0002){ref-type="fig"} shows a box-whisker plot of the low contrast (10%) visual acuity without glare when tested at distance (4 m) and near (40 cm) in photopic and mesopic conditions. There were no statistically significant differences in the low contrast acuity measures between IOLs at either distance for either illumination condition. Low contrast acuity was also tested with a glare target at 4 m in both photopic and mesopic conditions, but no subject in either group could read any of the letters in either illumination condition.Figure 2Low contrast (10%) visual acuity in photopic and mesopic conditions by the IOL group.**Abbreviations:** EDOF, extended depth of focus; logMAR, log of the minimum angle of resolution; m, meters; cm, centimeters; Min, minimum; Max, maximum; IOL, intraocular lens.

[Figure 3](#F0003){ref-type="fig"} shows the summary results for the sine wave contrast sensitivity test in photopic and mesopic conditions by the group. There were no statistically significant differences in contrast sensitivity between groups for either test condition at any spatial frequency. At higher spatial frequencies the EDOF lens showed slightly better scores in both mesopic and photopic conditions, but the differences were not statistically significant (p \> 0.14 in both cases).Figure 3Contrast sensitivity by IOL group and illumination condition.**Abbreviations:** EDOF, extended depth of focus; cpd, cycles per degree; IOL, intraocular lens.

Discussion {#S0005}
==========

To the best of our knowledge, this is the first study to compare the clinical performance and contrast sensitivity of this trifocal toric and this EDOF toric IOL up to 60 months after bilateral implantation. Both IOLs generally performed well, with good patient visual acuity. Patient near visual acuity, both uncorrected and corrected was better with the trifocal toric IOL. Other studies comparing the non-toric version of these IOLs showed similar findings.[@CIT0003],[@CIT0035],[@CIT0036],[@CIT0038]

In contrast to near visual acuity, patient distance (and intermediate) visual acuity were similar for both toric IOLs. This is consistent with the results of Cochener et al[@CIT0038] and Ruiz-Mesa et al.[@CIT0003] Some earlier studies reported slightly better distance VA with the EDOF IOL, but we did not find this in our study.[@CIT0035],[@CIT0036] We measured intermediate vision at 60 cm and saw no statistically significant difference between the two toric IOLs. Intermediate VA can be evaluated at varying distances. A recent study by De Medeiros et al[@CIT0036] concluded that patient visual acuity was better with the trifocal from 40 cm to 67 cm, while patient uncorrected intermediate visual acuity (UIVA) at 70cm was superior with the EDOF IOL. Mencucci et al[@CIT0035] reported that average patient UIVA was equivalent when the intermediate target distance was 60 cm for the trifocal IOL and 80 cm for the EDOF IOL. Ruiz-Mesa et al reported no or very little difference at intermediate vision (60cm and 80cm) between the two IOLs.[@CIT0003] These intermediate vision findings are consistent with the design features of the two IOLs. An EDOF lens will extend the distance focus as much as can be tolerated, which effectively provides what might be considered a low add. The trifocal studied here is actually a quadrafocal, with the intermediate focus closer to near (60 cm instead of the expected 80 cm for a "true" trifocal). A final important consideration with regard to intermediate vision is the working distance for computers and hand-held devices; simple measurement shows they are typically held between 40 and 60 cm away.

Contrast sensitivity was also similar between the two toric IOLs. Menucucci et al[@CIT0035] reported that patients with the EDOF IOL had better contrast sensitivity under both photopic and mesopic conditions, but other studies have reported no differences in contrast sensitivity in either photopic or mesopic conditions between these two IOLs.[@CIT0003],[@CIT0038]

There are limitations to the current study. The number of subjects was limited. The two groups were not randomized, as patients self-selected for the lenses in question at the time of surgery. The inclusion criteria included a required minimum postoperative visual acuity, so these might be considered "best case" results for the two IOLs. Intermediate VA was tested only at 60 cm. Toric stability was not evaluated (though the stable refractive results provide a good indication that rotational stability was not a significant issue for either lens). Finally, while low contrast acuity and contrast sensitivity were measured, as objective tests of visual quality, no subjective evaluations of spectacle independence or visual quality were collected from subjects.

Conclusion {#S0006}
==========

Both toric IOLs provided good distance and intermediate vision to subjects, with similar low contrast VA and contrast sensitivity. Near vision was significantly better with the trifocal toric IOL. This might be a consideration when discussing presbyopia-correcting IOL options at the time of cataract surgery.
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[^1]: **Abbreviations:** EDOF, extended depth of focus; RLE, refractive lens exchange; IOL, intraocular lens; D, diopter.

[^2]: **Abbreviations:** EDOF, extended depth of focus; MRSE, mean refraction spherical equivalent; IOL, intraocular lens; D, diopter.

[^3]: **Abbreviations:** VA, visual acuity; EDOF, extended depth of focus; logMAR, log of the minimum angle of resolution; cm, centimeters.
